INTRODUCTION
============

Neuroinflammation has been linked to a variety of neurological disorders including anxiety, depression, schizophrenia, Alzheimer\'s disease (AD), ischemic stroke, and Parkinson\'s disease \[[@B1]\]. As the immune system grows more susceptible to infections with age \[[@B2][@B3]\], the possibility of severe, long-lasting post-infectious sepsis increases, potentially leading to cognitive dysfunction in elderly patients \[[@B4]\]. Recent studies have identified inflammation as an important factor underlying neurodegenerative diseases, making neuroinflammation an important therapeutic target for the treatment of neurodegenerative diseases \[[@B5]\].

Accordingly, regulation of certain inflammatory factors including interleukin-6 (IL-6), interleukin-1β (IL-1β), and tumor necrosis factor-α (TNF-α) have been shown to be critical for the management of neurodegenerative diseases. Resolution of this underlying neuroinflammation has been shown to slow the progression of memory impairment in AD \[[@B6][@B7]\].

Systemic injection of lipopolysaccharide (LPS), a major component of the external membranes of Gram-negative bacteria and a potent activator of pro-inflammatory cytokines, induces neuroinflammation of the hippocampus and cognitive dysfunction and is a well-established model of neurological pathology \[[@B8]\].

LPS stimulates activation of the innate immune system via Toll-like receptor 4 (TLR4), leading to the expression of several inflammatory cytokines such as IL-6, IL-1β, TNF-α and the nuclear factor-kappa B (NF-κB) system \[[@B9][@B10]\]. Given the important role of neuroinflammation in disease pathogenesis, resolution of this inflammation has been proposed as a therapeutic option for the treatment of neurodegenerative and neuroinflammatory diseases \[[@B11][@B12]\].

Non-steroidal anti-inflammatory drugs (NSAIDs) are the most commonly used drugs to treat neuroinflammation \[[@B13]\]. NSAIDs are often prescribed to patients for inflammation control and analgesia; however, long-term use of NSAIDs can lead to gastrointestinal side effects, as well as both liver and kidney toxicity, limiting their use \[[@B14]\]. Given the high risk of adverse effects, there remains a strong desire for new therapies safe enough for long-term treatment \[[@B15]\]. In a recent study, natural products were discussed as an alternative treatment for neuroinflammation and cognitive memory impairment \[[@B16]\].

Carvacrol (CAR, 2-methyl-5-isopropylphenol) is a phenolic monoterpene found in abundance in the essential oils of *Lamiaceae* plant species. This compound is widely used in the food industry as food additive due to its ability to prevent spoilage \[[@B17]\]. More recently, several studies have proposed the use of CAR as a therapeutic agent in mice and rats due to its widespread antifungal, antioxidant, anti-inflammatory, and anti-apoptotic effects \[[@B18][@B19]\]. CAR is believed to easily and rapidly cross the bloodbrain barrier \[[@B20]\], greatly enhancing its therapeutic potential in brain-related diseases \[[@B21]\]. These properties likely contribute to the reported anxiolytic and antidepressant effects of CAR in rats \[[@B19][@B22]\]. At present, the ability of CAR to ameliorate cognitive impairment due to amyloid β or scopolamine-induced cognitive impairments is dependent on its antioxidant and anti-inflammatory effects \[[@B23]\]. In addition, CAR has shown a variety of protective effects in response to 6-hydroxydopamine-induced oxidative stress, including decreases in malondialdehyde and nitrite levels, increased catalase activity, and improved lipid peroxidation profiles \[[@B24]\]. Renal cell injury induced by renal ischemia-reperfusion in rats was reduced by CAR treatment, driven by a combination of antioxidant, cytoprotective, and anti-inflammatory effects \[[@B25]\].

LPS-induced inflammation is a common method used to study the neurobiological mechanisms underlying memory and learning and to develop targeted therapies to treat neuroinflammatory symptoms in animal models. In the present study, the Morris water maze (MWM) test and the object recognition test (ORT) were performed to assess the effects of CAR on cognitive impairment in an LPS-induced neuroinflammation rat model. Additional experiments were performed to better understand the mechanisms underlying the effects of CAR in nerve damage and neuronal inflammation.

METHODS
=======

Animals
-------

Male Sprague-Dawley (SD) rats (weights: 200--220 g, 8 weeks; Samtako Animal Co., Seoul, Korea) were used in this study. The vivarium room was kept on a 12-h light/dark cycle (lights on at 9:00, lights off at 21:00) under a relative humidity of 55 ± 10% and a controlled temperature at 21 ± 2℃. All rats were caged for 7 days to acclimatize before beginning the experimental protocol. All methods and procedures were approved by the Animal Care and Use Committee of Kyung Hee University (KHUASP\[SE\]-15-115). Experimental procedures were performed according to the Guide for the Care and Use of Laboratory Animals.

LPS administration
------------------

Carvacrol, ibuprofen (IBU), and LPS (Escherichia coli; O127:B8) were purchased from Sigma-Aldrich Company (Sigma-Aldrich Co., St. Louis, MO, USA). LPS was administered intracerebroventricularly into the lateral ventricle of the rat brain according to the method of Guo et al. \[[@B26]\] with put under general anesthesia of 50 mg/kg sodium pentobarbital through intraperitoneal injection. Fifty micrograms of LPS dissolved in 10 µl cerebrospinal fluid was microinjected into the lateral ventricle in the rat brains in all lesion groups. Injection of LPS was delivered at a rate of 2 µl/1 min (total 5 min) and injection needles were left in place for an additional 5 min.

Experimental groups
-------------------

The rats were each divided in an experimental group for treatment and behavioral testing. Rats were separated in 6 groups of 10--12 rats as follows: SAL-injected sham group being regarded as normal (SAL group, n = 10), LPS-injected plus saline-treated group (LPS group as a negative control, n = 10), LPS-injected plus 25 mg/kg CAR-treated group (LPS + CAR25 group, n = 12), LPS-injected plus 50 mg/kg CAR-treated group (LPS + CAR50 group, n = 12), LPS-injected plus 100 mg/kg CAR-treated group (LPS + CAR100 group, n = 12), and LPS-injected plus 40 mg/kg IBU-treated (LPS + IBU group as a positive control, n = 12). CAR and the IBU were administrated intraperitoneally in a volume of 1 ml/kg for 21 day after LPS injection. The standard doses of CAR in the rat and the long-term treatment in the present study was based on a previous study \[[@B27]\]. The CAR and IBU were dissolved in 0.9% physiological saline before use and all drugs were freshly prepared just before every experiment. The whole schedule of behavioral examinations and drug administration are shown in [Fig. 1](#F1){ref-type="fig"}.

Object recognition task
-----------------------

We used a new ORT to assess cognitive abilities. We used a black-painted acrylic box with a size of 45 × 45 × 45 cm. Rats searched for objects in the acrylic box. The object of discrimination were two similar wooden toys (Familiar objects, A1 and A2) and these objects were large enough that the rats could not move around it. Also, the new wooden toys (B) that were used different in color and shape from A1 and A2. The test consisted of three steps: habituation, training, and testing. The first day was the habituation phase, and the rats were adapted to the test for 10 minutes. Next day 24 h after pre-exposure, the rats were placed in a box containing two similar objects (A1 and A2) and the subject was allowed to explore the objects for 5 min. Two hours later, during the testing phase, the rats were exposed to one new object (B) and one familiar object for 5 min. We measured the sniffing times for the new and familiar objects. Exploration was defined as actively sniffing, pawing at, or whisking with its snout directed toward the object \[[@B28]\].

Morris water maze test
----------------------

The MWM test was used to measure the time and distance swam to find the submerged platform. The MWM test contained a spatial probe and a place navigation tests. The water tank used as a water maze was a circular cylinder with a diameter of 200 cm and a height of 50 cm. The water temperature used was 22 ± 2℃ and the water height was at 30 cm. The perimeter of the water maze kept the various cues that were hanging around the video camera, the test bench, and the wall around the water tank. The water maze was divided into quadrants and were labeled as NE, NW, SE and SW. The escape zone was located in the center of the NW quadrant, and one of the other quadrants were used as the starting point. The rats underwent three training trials per day for 5 consecutive days, during which they located a hidden platform with the help of visible signals surrounding the evaluation space. Each trial was terminated when the rat found the platform or after 180 s, whichever came first. The spatial probe was performed on day 6, after the removal of the escape platform; each trial was 60 s in duration. All training and probe trails were recorded by a ceiling-mounted video camera and the data were evaluated with the aid of the analyzing program S-MART (PanLab Co., Barcelona, Spain).

Open field test
---------------

The open field test (OFT) was based on a previous study \[[@B29]\]. In a dimly lit room, each rat was individually placed in a black-painted square wooden box (60 × 60 × 30 cm) and tracked with a video tracking system for 5 min. The movement of the rats was measured by the distance (locomotor activity) of movements observed by the computerized video-tracking analysis program SMART (PanLab Co.). The number of rearings (exploration) were also manually scored in the black-painted square wooden box for 5 min. The method of the forced swimming test (FST) \[[@B30]\], the elevated plus maze (EPM) test \[[@B31]\], and grip strength test \[[@B32]\] were done according to a previous study.

Inflammatory mediators and NF-κB measurement
--------------------------------------------

Twenty-eight days after LPS injection, IL-6, IL-1β, TNF-α, cyclooxygenase-2 (COX-2), and NF-κB levels were measured in the hippocampus and prefrontal cortex on a previous study \[[@B29]\]. Six rats from each group were severely anesthetized with 1.2 % isoflurane, and were sacrificed. The hippocampus and prefrontal cortex were dissected from each of the rats. The levels of IL-6, IL-1β, TNF-α, COX-2, and NF-κB p65 were assessed through enzyme-linked immunoassay (ELISA) according to the manufacturer\'s method. IL-6, IL-1β, TNF-α, COX-2, and NF-κB p65 ELISA assay kits were obtained from Abcam (Cambridge, MA, USA).

Total RNA isolation and RT-PCR analysis
---------------------------------------

The expression of inducible brain-derived neurotrophic factor (BDNF), TLR4, and nitric oxide synthase (iNOS) mRNAs using reverse transcription-polymerase chain reaction (RT-PCR) were analyzed. The total RNA isolation and PT-PCR analysis used in the present study was based on a previous study \[[@B33]\]. Total RNA was extracted from the hippocampus and prefrontal cortex of each rat using TRIzol reagent. cDNA was synthesized from 2 µg total RNA using reverse transcriptase (Takara Bio, Otsu, Japan), and then amplified by PCR at 60℃ for 27 cycles for iNOS, at 58℃ for 28 cycles for TLR4 and at 57℃ for 27 cycles for BDNF using Taq DNA polymerase (Takara, Kyoto, Japan) on a thermal cycler (MJ Research, Watertown, MA, USA). The following sequences were used: for GAPDH (409 bp), (forward) 5′-ATC CCA TCA CCA TCT TCC AG-3′ and (reverse) 5′-CCT GCT TCA CCA CCT TCT TG-3′; for iNOS (170 bp), (forward) 5′-CAC CTT GGA GTT CAC CCA GT-3′ and (reverse) 5′-ACC ACT CGT ACT TGG GAT GC-3′; for TLR4 (219 bp), (forward) 5′-GGT GAG AAA CGA GCT GGT AA-3′ and (reverse) 5′-AGA AAC TGC CAT GTC TGA GC-3′; for BDNF (153 bp), (forward) 5′-CAG GGG CAT AGA CAA AAG-3′ and (reverse) 5′-CTT CCC CTT TTA ATG GTC-3′. The PCR products were electrophoresed on 1.2 % agarose gels and visualized under UV after GelRed (Biotium, Hayward, CA, USA) staining. Quantification of band intensities was performed using Image Master Total Lab (Amersham Pharmacia Biotech, Piscataway, NJ, USA). Data were normalized against glyceraldehyde-3-phosphatede hydrogenase expression in the corresponding sample.

Statistical analysis
--------------------

All results are expressed as mean ± standard error of mean. The data were analyzed with SPSS 13.0 (Chicago, IL, USA) and were analyzed using multiple way of analysis of variance (ANOVA) and Tukey\'s *post-hoc* tests. Statistical significance at p-value \< 0.05 has been given symbols in each figure.

RESULTS
=======

Effect of carvacrol on LPS-induced body weight loss
---------------------------------------------------

After LPS injection, the body weight of each rat was measured for 21 days and the comparison between day 1 and day 21 are shown in [Fig. 2](#F2){ref-type="fig"}. Normal rats gradually had an increase in body weight over time. On the other hand, LPS-injected rats began to lose body weight on day 1. The body weight loss by LPS usually do not recover to normal levels or increases more slowly than the normal group \[[@B34]\]. On day 1, there was no difference in the body weight of rats in all groups. However, over the curse of 21 days, the rats treated with LPS showed a significant decrease in body weight over 21 days compared with the saline-treated (SAL) group (p \< 0.01). However, the group receiving CAR showed a recovery in body weight. The body weight in the LPS + CAR25 group, LPS + CAR50 group and LPS + CAR100 group significantly slowed down body weight loss compared to the LPS group for 21 days (p \< 0.05 and p \< 0.01). This indicates that rats receiving 25, 50 or 100 mg/kg of CAR were closely associated with the inhibition of body weight loss. As a result, body weight was not correlated with memory deficits recovery, but instead proved that administration of CAR has an inhibitory effect on the loss of body weight, a physiological phenomena and indicator in rats.

Effects of carvacrol on LPS-induced memory impairment
-----------------------------------------------------

*Post-hoc* test results showed that the sniffing times were significantly reduced in the LPS-treated group compared to the SAL group (p \< 0.001; [Fig. 3A](#F3){ref-type="fig"}). But, the LPS + CAR100 group showed an increase on the new object sniffing time compared with the LPS group. In addition, the discrimination index showed a significant decrease in the LPS-treated group compared to the SAL group (p \< 0.01; [Fig. 3B](#F3){ref-type="fig"}). But, the LPS + CAR100 group showed a significantly higher discrimination index than the LPS-treated group (p \< 0.05). The LPS + CAR100 group also showed recovery of cognition in LPS-induced memory impairment, similar to that of the LPS + IBU group.

In the MWM test, LPS injection affected performance in the place navigation test. In particular, the LPS group showed poorer performance than did the SAL group ([Fig. 3C](#F3){ref-type="fig"}). ANOVA (6 × 5, treatment × time) disclosed a significant difference among groups (F(4,104) = 233.341, p \< 0.01) and an effect of the day of training (F(20,104) = 3.067, p \< 0.01); also, a group × day interaction was discovered (F(5,26) = 4.797, p \< 0.01). The LPS group indicated worse performance than the SAL group (p \< 0.01 on day 4 and 5). The latencies to find the hidden platform by the LPS + CAR100 group was significantly decreased compared to those of the LPS group (p \< 0.05 on day 4 and 5). Rats treated with 100 mg/kg of CAR showed a decrease in escape latency during the training period, in comparison to the LPS group in which escape latency markedly increased due to the memory deficits of LPS-induced memory impairment. On the other hand, when the data acquired on day 6 in the retention test were compared, the *post-hoc* test showed that the LPS + CAR100 group spent more time and distance around the platform than the LPS group (p \< 0.05, respectively; [Fig. 3D](#F3){ref-type="fig"}). Also, the escape latency in the LPS + CAR100 group was similar to that in the LPS + IBU group. The average swimming speed showed no difference between the groups, which indicates that the time to reach the platform was simply a result of memory impairment ([Fig. 3E](#F3){ref-type="fig"}).

This study also showed that LPS injection did not affect distance of locomotion and the total number of rearing and evidence that CAR-treatment also did not affect motor functions and exploration ([Fig. 3F](#F3){ref-type="fig"}). This demonstrated that the rats\' behavior is caused by memory impairment and not by pathological factors or side effects.

Also, rats subjected to LPS injection exhibited a significant depression phenotype, characterized by increased immobility time during the FST, as compared to SAL group (p \< 0.05; [Fig. 4A](#F4){ref-type="fig"}). However, the rats in LPS+CAR100 group showed significant decrease in immobility time during 5 min in the FST, as compared to those in LPS group (p \< 0.05), indicating that administration of 100 mg/kg of CAR decreased depression-like behavior. The effects of CAR administration on anxiety-like behaviors, characterized by decreases in open-arm exploration in the EPM test, were also investigated. Post hoc comparisons revealed a significant decrease in the number of entries into the open arms of the maze following the LPS injection compared to the SAL group (p \< 0.01; [Fig. 4B, C](#F4){ref-type="fig"}). However, rats in the LPS + CAR100 group also exhibited a significant restoration in the number of entries into the open arms of the maze compared to the LPS group (p \< 0.05). The grip strength showed no difference between all groups, which indicates that CAR-treatment also did not affect sensorimotor performance ([Fig. 4D](#F4){ref-type="fig"}).

Effects of carvacrol on LPS-induced alternations in inflammatory mediators in the hippocampus and prefrontal cortex
-------------------------------------------------------------------------------------------------------------------

[Fig. 5](#F5){ref-type="fig"} appeared to investigate the levels of pro-inflammatory markers in the hippocampus and prefrontal cortex activated by LPS-induced neuroinflammation ([Fig. 5](#F5){ref-type="fig"}). The effects of CAR administration on these markers was also investigated. The levels of pro-inflammatory markers, IL-6, IL-1β, TNF-α, COX-2, and NF-κB, were compared in the hippocampus and prefrontal cortex.

*Post-hoc* test results revealed significantly higher IL-1β level in the hippocampus and prefrontal cortex of the LPS group than in the SAL group (p \< 0.05, respectively; [Fig. 5A](#F5){ref-type="fig"}). Daily administration of 100 mg/kg of CAR significantly attenuated LPS-induced increase in IL-1β level in the hippocampus and prefrontal cortex (p \< 0.05, respectively). Similar to IL-1β, *post-hoc* test results revealed higher IL-6 level in the hippocampus of the LPS group than in the SAL group, but it was not statistically significant ([Fig. 5B](#F5){ref-type="fig"}). Daily administration of 100 mg/kg of CAR attenuated LPS-induced increase in IL-6 level in the hippocampus, but it was not statistically significant. However, *post-hoc* test results revealed significantly higher IL-6 level in the prefrontal cortex of the LPS group than in the SAL group (p \< 0.01). Daily administration of 100 mg/kg of CAR attenuated LPS-induced increase in IL-6 level in the prefrontal cortex, but it was not statistically significant. Similar to IL-1β, *post-hoc* test results revealed significantly higher TNF-α level in the hippocampus and prefrontal cortex of the LPS group than in the SAL group (p \< 0.05, respectively; [Fig. 5C](#F5){ref-type="fig"}). Daily administration of 100 mg/kg of CAR significantly attenuated LPS-induced increase in TNF-α level in the hippocampus (p \< 0.05, respectively).

Treatment with 100 mg/kg of CAR significantly rescued COX-2 level in the hippocampus and prefrontal cortex by 44.48% and 60.53%, relative to LPS group (p \< 0.01 and p = 0.97, respectively; [Fig. 5D](#F5){ref-type="fig"}). Treatment with 100 mg/kg of CAR significantly rescued NF-κB level in the hippocampus and prefrontal cortex by 69.66% and 52.14%, relative to LPS group (p = 0.203 and p \< 0.05, respectively; [Fig. 5E](#F5){ref-type="fig"}). Furthermore, COX-2 and NF-κB level in the brain of rats treated with 100 mg/kg of CAR were similar to those of rats treated with 40 mg/kg of IBU.

Effects of carvacrol on LPS-induced expression of iNOS, TLR4, and BDNF mRNAs in the hippocampus and prefrontal cortex
---------------------------------------------------------------------------------------------------------------------

PCR analysis found that LPS injection resulted in significant increases in the iNOS (237.57%) expression in the hippocampus compared to the levels in rats in the SAL group (p \< 0.01; [Fig. 6A](#F6){ref-type="fig"}). Administration of 100 mg/kg of CAR inhibited LPS-induced increases in the iNOS levels in the hippocampus, but it was not statistically significant.

PCR analysis found that LPS injection resulted in significant increases in the TLR4 (187.78%) expression in the hippocampus compared to the levels in rats in the SAL group (p \< 0.05; [Fig. 6B](#F6){ref-type="fig"}). Administration of 100 mg/kg of CAR inhibited LPS-induced increases in the TLR4 levels in the hippocampus (p \< 0.05).

Also, we evaluated the effect of chronic CAR treatment on the BDNF expression in rats hippocampus and prefrontal cortex. Chronic treatment of rats with CAR (100 mg/kg) inhibited the decrease of BDNF expression in the hippocampus and prefrontal cortex (p \< 0.05, respectively; [Fig. 6C](#F6){ref-type="fig"}).

DISCUSSION
==========

Memory impairment can be caused by the administration of a neuroinflammatory substance. In this study, LPS administration was shown to be sufficient to establish a memory impaired mouse model of neuroinflammation \[[@B10]\]. CAR is an effective anti-inflammatory and potential neuroprotective agent due to its ability to inhibit the production of inflammatory cytokines. LPS injections in rats produce spatial memory and learning disabilities; however, as evidenced by ORT and MWM tests, CAR treatment resulted in significant improvement relative to untreated controls. CAR significantly attenuated increases in IL-1β and TNF-α, two important neuroinflammatory cytokines in the hippocampus and prefrontal cortex. CAR treatment also restored BDNF expression and attenuated TLR-4 levels in the hippocampus. Together, these results show that adequate modulation of TLR4 and BDNF can significantly alleviate LPS-induced cognitive dysfunction. As part of these analyses, we investigated the dose-dependent effects of CAR. Optimal efficacy was achieved at a dose of 100 mg/kg. This dose was well tolerated in this study, consistent with previous findings \[[@B27]\]. In LPS-injected rats, CAR treatment elicited quantifiable recovery of memory impairment at a lower dose (50 mg/kg); however, the best results were observed at higher doses of CAR (\> 100 mg/kg). The highest dose of CAR (200 mg/kg) showed positive effects on memory (p \< 0.05), though the overall effects were similar to those seen at the 100 mg/kg level (data not shown).

To elucidate the pathophysiological mechanisms of various neurological diseases such as AD, we employed an LPS-induced memory dysfunction model \[[@B35]\]. Neuroinflammation arising after a traumatic brain injury is known to be associated with memory impairment \[[@B36]\]. Accumulating evidence suggests that persistent inflammation can disrupt memory networks, resulting in increased cytokine production and alterations in protein expression, ultimately leading to dementia \[[@B5][@B37]\]. Inhibition of this inflammation is therefore regarded as a promising option for improving cognitive function \[[@B13]\]. In previous studies, infiltration of LPS into the lateral ventricle led to a significant increase in inflammatory cytokines in the brain of rats, resulting in severe cognitive memory deficits, consistent with our findings \[[@B38]\].

In the present study, administration of CAR after LPS injection restored body weight, demonstrating that CAR can suppress physiological changes due to LPS-induced neuroinflammation \[[@B24]\]. Previous studies have shown that CCl4 injection is associated with fibrosis, decreased body weight, and enhanced liver weight in rats. Consistent with the present findings, CAR treatment helped to prevent body weight loss following CCl4 exposure \[[@B39]\]. In contrast, administration of ibuprofen for 28 days decreased body weight compared to healthy rats, showing a clear divergence from other models. This loss of body weight is thought to be the result of gastrointestinal damage caused by ibuprofen administration \[[@B40]\].

The ORT and MWM tests used in this study were chosen to assess two different memory types, visual recognition and spatial learning, respectively. Our results showed that spatial memory was significantly damaged under LPS-induced impairments, as previously observed \[[@B28]\]. LPS-induced impairment produced a significant increase in exploration time for familiar objects and a marked decrease in memory retention, causing the discrimination index to decrease as the exploration time of new objects decreased significantly. This suggests that, after exposure to a memory impairment event, the brain degenerates dramatically, reducing episodic memory and cognitive abilities \[[@B41]\]. Taken together, these results show that CAR administration significantly increased detection time for new objects and significantly improved memory impairment after LPS injection.

MWM is a hippocampus-dependent learning and memory test commonly used to assess cognitive impairment, spatial learning, and reference memory \[[@B41]\]. During the retention portion of the MWM test, LPS-injected rats spent considerably longer swimming time before finding the platform, indicative of poor spatial learning. In CAR-treated rats, the time needed to find the platform was significantly reduced relative to that of rats that had only received the LPS injection. In addition, the LPS-injected rats without CAR administration demonstrated memory recall and retrieval difficulties, as evidenced by their reduced performance relative to the normal group at in the retention tests at 24 hours after acquisition. CAR improved these behavioral abnormalities and restored spatial learning and memory in LPS-induced rats. Similar results were seen with long-term administration of ibuprofen, a positive control drug \[[@B41]\]. Thus, the results of this study confirmed the hypothesis that CAR improves the memory impairment induced by LPS injection.

No significant differences in OFT results were observed between groups for either locomotion or number of rearings, indicating that CAR does not affect either motor function or sensorimotor performance. Furthermore, this observation indicates that differences in the time needed to reach the platform were due to cognitive impairment in LPS-injected rats rather than differences in locomotion activities. Thus, the change in behavioral performance on the MWM task is the result of memory improvement and not of differences in the active response or psychomotor function.

It has been suggested that infections and other inflammatory processes may be causative factors in emotional disorders, including depression and anxiety. Administration of LPS induced a variety of behavioral responses, collectively known as sickness behavior, some of which could affect the performance on tests used to assess depression and anxiety. In the present study, the administration of CAR significantly decreased immobility during the FST and increased the number of entries into the open arms of the maze in the EPM test. In addition, these results support the possibility that CAR has antidepressant and anxiolytic effects.

Our study showed that LPS infiltration significantly increased expression of IL-1β, TNF-α, and IL-6 in the hippocampus and prefrontal cortex. CAR was found to improve persistent cognitive dysfunction and neuroinflammation by suppressing LPS-induced IL-1β and TNF-α levels \[[@B42]\]. In addition, these results show that the inflammatory reactions to LPS infiltration significantly increased COX-2 expression via activation of the NF-κB pathway in the hippocampus and prefrontal cortex \[[@B13]\]. Previous studies have also shown that injection of LPS activates NF-κB, which primarily regulates inflammatory reactions, confirming the well-established animal model of impaired memory by LPS injection used in our study \[[@B43]\]. In the present study, CAR inhibited LPS-induced memory disturbances and behavioral changes by significantly inhibiting COX-2 levels.

We next analyzed the activation of various immune signaling molecules, including TLR4, the primary immune receptor of LPS: iNOS, an important driver of proinflammatory cytokine production: and NF-κB \[[@B44]\]. Long-term treatment with LPS has been shown to activate the NF-κB pathway via TLR4 and to increases the expression of inflammatory cytokines such as IL-1β and TNF-α in the hippocampus and prefrontal cortex. Our results showed that CAR alleviated the induction of pro-inflammatory cytokines such as IL-1β and TNF-α as well as iNOS expression via the suppression of these pathways. Thus, inhibition of the TLR4 pathway can help to restore cognitive functions and reduce the risk of neurological damage \[[@B44]\].

We also examined the BDNF levels in LPS-treated rats with and without CAR treatment. BDNF is an important neurotrophin associated with cognition and memory, playing an important role in various neurological functions including learning and memory loss \[[@B36][@B45]\]. As BDNF regulates memory function in the hippocampus, regulation of BDNF signaling may play a major factor in the cognitive function of rats impaired by LPS injection. In the present study, CAR treatment significantly reversed the loss of BDNF mRNA expression by LPS, demonstrating that the beneficial effects of CAR were medicated by an increase in BDNF.

Inflammatory factors such as IL-1β and IL-6 may indirectly influence neuronal functions essential for learning and memory \[[@B46]\]. BDNF has been particularly implicated as a mediator between neuroinflammation and cognitive impairment \[[@B47]\]. Several studies reported increases in BDNF concentrations in the presence of neuroinflammation \[[@B48]\], which could be prevented by administration of an IL-1β receptor antagonist, indicating that IL-1β plays a crucial role in regulating BDNF levels. When considered alongside our results, this suggests that regulation of BDNF levels in the hippocampus and prefrontal cortex is specifically vulnerable to neuroinflammation and cognitive impairment and that CAR treatment was able to reverse the loss of BDNF mRNA expression by suppressing LPS-induced IL-1β and TNF-α levels.

Taken together, the data presented here suggest that CAR administration significantly attenuated LPS-induced defects in cognitive function via the attenuation of neuroinflammation through its effects on TLR4 and BDNF. These findings suggest that CAR may be useful for the treatment of psychologically rooted behaviors and neurochemical alterations seen in memory impairment.
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![Experimental schedule of lesion generation, CAR administration, and behavioral tests in rats.\
CAR, carvacrol; LPS, lipopolysaccharide.](kjpp-24-27-g001){#F1}

![Effects of CAR on body weight on the first day prior to LPS injection and on day 21 after LPS injection (n = 10--12/group).\
CAR, carvacrol; LPS, lipopolysaccharide; SAL, saline-treated; IBU, ibuprofen. ^\*\*^p \< 0.01 *vs.* SAL group; ^\#^p \< 0.05, ^\#\#^p \< 0.01 *vs.* LPS group.](kjpp-24-27-g002){#F2}

![Effects of CAR on memory impairment in the ORT and MWM test.\
The ability to discriminate between familiar objects (A) and new objects (B) in the ORT. The MWM test was used to assess the effect of CAR on spatial learning and memory. The time taken to escape from water (latency) during acquisition trials using a submerged platform (C), the percentages of time spent in the target quadrant and the proportion of the total distance traversed in the target quadrant (D), and swimming speed (E) in the MWM test. Locomotor activity (counts) and total number of rearings (G) in the OFT (n = 10--12/group). CAR, carvacrol; ORT, object recognition test; MWM, Morris water maze; OFT, open field test; LPS, lipopolysaccharide; SAL, saline-treated; IBU, ibuprofen. ^\*^p \< 0.05, ^\*\*^p \< 0.01, ^\*\*\*^p \< 0.001 *vs.* SAL group; ^\#^p \< 0.05, ^\#\#^p \< 0.05 *vs.* LPS group.](kjpp-24-27-g003){#F3}

![Effects of CAR on depression-like and anxiety-like behaviors in the forced swimming test (FST) and elevated plus maze (EPM) test after LPS injection.\
Immobility time (A) in the FST, numbers of entries into the open and closed arms in the EPM test (B and C), and grip strength (D). CAR, carvacrol; LPS, lipopolysaccharide; SAL, saline-treated; IBU, ibuprofen. ^\*^p \< 0.05 and ^\*\*^p \< 0.01 *vs.* SAL group; ^\#^p \< 0.05 *vs.* LPS group.](kjpp-24-27-g004){#F4}

![Effects of CAR on inflammatory mediator concentrations in the hippocampus and prefrontral cortex of rats exposed to LPS.\
Interleukin (IL)-1β (A), IL-6 (B), tumor necrosis factor (TNF)-α (C), cyclooxygenase-2 (COX-2) (D), and nuclear factor-kappa B (NF-κB) (E) concentrations (n = 6/group). CAR, carvacrol; LPS, lipopolysaccharide; SAL, saline-treated; IBU, ibuprofen. ^\*^p \< 0.05, ^\*\*^p \< 0.01 *vs.* SAL group; ^\#^p \< 0.05, ^\#\#^p \< 0.01 *vs.* LPS group.](kjpp-24-27-g005){#F5}

![Effects of CAR on immune signaling molecules expression levels in the hippocampus of rats exposed to LPS.\
Inducible nitric oxide synthase (iNOS) (A), Toll-like receptor 4 (TLR4) (B), and brain-derived neurotrophic factor (BDNF) (C) mRNAs. PCR bands on agarose gels and relative intensities are shown in (D). The expression levels of iNOS, TLR4, and BDNF mRNAs were normalized to GAPDH mRNA as an internal control (n = 6/group). CAR, carvacrol; LPS, lipopolysaccharide; SAL, saline-treated; IBU, ibuprofen. ^\*^p \< 0.05 and ^\*\*^p \< 0.01 *vs.* SAL group; ^\#^p \< 0.05 *vs.* LPS group.](kjpp-24-27-g006){#F6}
